Previews 371 mal models such as ferret, minipig, or primates. Although we believe that the potential rewards for understanding the molecular basis of the transmissibility of the 1918 virus outweigh the risks, we certainly should consider at which point the risks of such experiments become great enough to restrict them to biosafety level 4 (BSL-4) containment.
During meiosis in human oocytes, chromosome nondisjunction increases with maternal age, leading to disorders such as Down's syndrome. In a recent study in Nature Genetics, Hodges et al. (2005) show that mice with a mutation in the meiosis-specific cohesin protein SMC1␤ exhibit age-dependent defects in meiosis. These defects are similar to those observed in oocytes of older human mothers. Their results implicate an age-dependent loss of function in SMC1␤ (or related proteins) in the maternal age effect of humans.
The two divisions of meiosis are crucial for the production of male and female gametes. In the first step in meiosis, each of the two homologous chromosomes replicates to create two identical sister chromatids, and then the two homologs undergo pairing. These paired homologs, referred to as bivalents, are held together by crossover events. The sites at which crossovers occur are visualized as chiasmata. The actual segregation of homologs to opposite poles of the spindle occurs during anaphase of meiosis I, whereas the segregation of sister chromatids occurs at meiosis II. As human females age from 25 to 45, their risk of undergoing meiotic errors that result in failed homolog segregation (nondisjunction) increases dramatically. This rapid increase in the rate of nondisjunction causes the frequency of eggs and zygotes that are aneuploid for at least one autosome to increase by more than two logs as women age (see Figure 1, top panel) .
Since its discovery in the early twentieth century, this "maternal age effect" on meiotic nondisjunction has fascinated researchers who study meiosis (Hassold and Hunt, 2001). In younger women, much of the observed nondisjunction reflects the aberrant segregation of chromosomes that either failed to cross over or recombined too distally to ensure segregation (Lamb et al., 2005). Properly positioned crossovers play a central role in ensuring accurate segregation. Therefore, it is not surprising that those bivalents that have either no crossovers or crossovers located at the ends of chromosome arms are more likely to segregate incorrectly (nondisjoin) (Champion and Hawley, 2002). However, as women grow older, the distribution of exchanges among nondisjoining bivalents becomes more similar to the distribution seen in normally segregating bivalents (Lamb et al., 2005) . Thus, as a woman ages, the meiotic segregation machinery is impaired to the point that even bivalents with properly placed crossovers are likely to be nondisjoined. Accordingly, a real understanding of the maternal age effect will require identifying a defect that is powerful enough to disrupt the segregation of even those bivalents with properly placed crossovers.
One significant insight into the events that might underlie these meiotic failures comes from the work of Angell and others (Angell, 1995; Pellestor et al., 2003; Wolstenholme and Angell, 2000). These researchers observed an age-dependent weakening of sister-chromatid cohesion that allows both the precocious separation of homologs (creating univalents) and the premature separation of chromosomes into separated sister chromatids. These observations suggest that the weakening of sister-chromatid cohesion might be an important component of the maternal age effect. Moreover, studies of meiotic nondisjunction in the fruit fly Drosophila support the theory that cohesion defects might underlie a maternal age effect. Bickel and colleagues have demonstrated that fly oocytes with a defect in sis- ter-chromatid cohesion display a dramatic defect in the segregation of nonexchange bivalents, which increases in severity as the flies age (Jeffreys et al., 2003) .
Hodges et al. (2005) now present molecular evidence in favor of a cohesion defect mediating the maternal age effect in mammalian females. These authors characterized a mutation in a mouse gene encoding a meiotic cohesin protein, SMC1β. The mutant mice display age-dependent defects in the ability of chiasmata to hold bivalents together and in sister-chromatid cohesion. Most importantly, the meiotic defects in these mutant mice mimic those observed in oocytes produced by older human females. The Hodges et al. study raises the intriguing possibility that the age-dependent loss of either SMC1β or one of its protein partners within the cohesin complex may contribute to the maternal age effect.
SMC1β is a meiosis-specific component of the cohesin complex, which plays a critical role in holding sister chromatids together in both meiosis and mitosis (Revenkova et al., 2004) . In meiosis, the maintenance of sister-chromatid cohesion is controlled in an exquisitely complex manner (Petronczki et al., 2003) . Until anaphase I, cohesin along chromosome arms is required for chiasmata to hold homologs together long enough to orient their centromeres to opposite poles on the meiosis I spindle. The release of cohesion along the chromosome arms, but not near the centromeres, then allows homologous chromosomes to segregate faithfully while holding sister chromatids together. In anaphase II, the centromeric cohesins are removed, and sister chromosomes segregate to complete meiosis II. Although mice homozygous for this smc1β disruption mutant are sterile in both sexes, the observed defects are quite different. Meiosis in male mutant mice is arrested quite early in meiotic prophase. In females, much of the observed sterility appears to result not from an arrest of the meiotic process but rather from the production of massively aneuploid oocytes. For example, both pairing and synapsis (as assessed by formation of the synaptonemal complex) and meiotic recombination appear to occur on schedule. Although the synaptonemal complexes in the smc1β disruption mutant are shorter than those observed in wild-type oocytes and recombination is somewhat reduced, a substantial fraction of the oocytes complete prophase and undergo apparently normal growth and maturation.
However, following the completion of prophase, multiple defects in chromosome separation and segregation are observed. First, these oocytes exhibit a dramatic defect in their ability to bind exchanges in place. The sites at which crossovers actually occurred were distributed normally along the length of the chromosomes in pachytene. During diakinesis, the distribution of the resulting chiasmata displayed a strong skew toward the ends of the bivalents. Second, these authors also observed a much higher frequency of univalents than was expected based on the observed frequency of exchanges. For example, synaptonemal complexes lacking a crossover at pachytene were rare (< 1%), but univalents were commonly observed at diakinesis (19%). Thus, crossovers are occurring as they should, but, by diakinesis, the resulting chiasmata either have been displaced to the ends of chromosomes or, worse yet, have fallen off entirely, allowing the premature dissolution of the bivalent into two unconnected univalents. Given this apparent tendency of exchanges to simply "slide off" the bivalent, an expected defect in the absence of proper sister-chromatid cohesion along the arms of the chromosome, it is easy to understand why bivalents that start out with a crossover at the very end of a chromosome arm might be more susceptible to nondisjunction than bivalents with more central crossovers. One might also expect to see a preferentially strong effect on the separation of smaller chromosomes into univalents, which the authors indeed observe. Third and finally, the authors also saw clear evidence of well-separated sister chromatids at diakinesis.
Perhaps most striking is the fact that the frequency of these defects, and especially the frequency of precociously separated sister chromatids, increases with the age of the mouse. The frequency of homologs exhibiting separated sister chromatids increases from 0% in mice aged 1 month to 83% in oocytes obtained from 6-month-old females (see Figure 1, lower panel) . Thus, in oocytes obtained from 1-month-old mothers, the fraction of homologs observed as bivalents is 93.8%; by 2 months, this fraction declines to 35%, and by 4 months, it plummets to 0.3%.
Clearly, Hodges et al. (2005) have created a mouse model that mimics several aspects of the maternal age effect observed in humans. How much of the maternal age effect does this model explain? Given that the cohesin complex is normally laid down during replication (which occurs in the human female in utero), the question is whether some components of the cohesin complex simply deteriorate with age. Alternatively, as the authors suggest, could meiotic cohesins be replaced during the process of oocyte growth and maturation, and is it this process of replacement that becomes defective with advancing age? Finally, as 
